Abstract Nano-scale strengthening has been studied for Fe and Fe-based alloys and found to be a function of grains, subgrains, and particles. In Fe-C/O alloys, these microstructural features can result from phase transformations and deformation processes. The relationships between these structural features and strength have been quantified and the limitations established. The relationships were shown to apply equally well to structures produced by deformation and quenching. The major contributors to strength were carbide and oxide particles. Particles, grains, and subgrains were shown to provide significantly higher strengthening than contributions from solid solution effects.
Introduction
Nano-scale structures in Fe-based alloys can produce exceptionally strong materials with strengths exceeding 3 GPa. These nano-scale structures include grains, subgrains, and particles and can be developed in bulk Fe and Fe-C/O alloys as a result of both severe plastic deformation (SPD) and transformation processes. Documented SPD processes, which involve deforming the material in the ferrite temperature range to strains in excess of 8, have included ball milling, large strain deformation involving extrusion and torsion, successive roll bonding, shear banding, and wire drawing. Transformation processes in Fe-C/O alloys that can produce nano-scale structures require heating the material into the c-phase field followed by rapid cooling. Heating can result from adiabatic plastic deformation produced during several of the SPD processes mentioned above or can result from relatively slow heating into the c-phase field followed by a quenching treatment. The high strengths derived from nano-scale structures produced by deformation and transformation processes is the subject of this article.
Deformation structures

Materials examined
Recent studies have shown that ball milling can produce nano-scale Fe-based materials with high strength [1] . Ball milling is an effective processing approach because SPD is readily achieved. The high strain rate during ball milling, typically 10 4 s -1 , imparts high flow stresses. The combination of large plastic deformation and high flow stress leads to the creation of fine dislocation cells, subgrains, and grains. Grain sizes in the range of 6 to 100 nm [2] [3] [4] [5] [6] have been observed in the ball-milled powders and as fine as 80-500 nm [7] [8] [9] [10] [11] [12] [13] [14] in the consolidated state. Nominally pure iron powders are used as a starting material. The presence of iron oxide, as Fe 3 O 4 particles, is evident after ball milling and after consolidation. Recent work has shown that the major contributors to strength are the nano-oxide particles [1] . Table 1 is summary of various investigations that have been studied to evaluate the influence of nano-structure on the strength of ball-milled iron. Effect of structure on strength
Subgrains
Iron powders, when ball milled for short times (less than 20 h), develop nano-scale subgrains [15] . These subgrains are retained after consolidation and warm working. The influence of subgrain boundaries on strength is shown in Fig. 1 for the five studies in Table 1 with ball milling times less than 20 h [2, 4, 7, 12, 13] . For studies in which strength is not directly reported, Vickers hardness numbers (H v ) were converted to yield strength (r y ) by r y = H v /C, where C = 3 for H v \ 6.5 and C = 2.5 for H v [ 6.5 [1] . The yield strength-subgrain size (k) data for these materials was analyzed according to the relation:
where B is a constant, n the subgrain size exponent, and r 0 the matrix strength. Rearranging Eq. 1 enables the strengthening contribution from subgrain boundaries (r k ) to be established as follows:
The value of r 0 in this relation was assumed to be zero for these studies except for the work of Kimura et al. [4] on the 99.2% pure powders. For this material, the authors estimated that r 0 was equal to 13 MPa. Plotting the resulting values of r k as a function of subgrain size on log-log axes allows an unambiguous determination of the subgrain size exponent n. Also shown in Fig. 1 are data for three solid solution alloys of iron (Fe-3% Si, Fe-25% Cr, and 316 stainless steel) that were warm worked [16] and data for essentially pure iron (Fe-0.007C) that was processed by wire drawing at room temperature [17] . The ball-milled powder and wrought data cover over two orders of magnitude in subgrain size (30 nm to 6 lm) and show a continuous pattern of behavior. Over most of the subgrain size range (0.1-6 lm), a subgrain size exponent of -1 is observed. Figure 1 also shows a breakdown of the k -1 relation beginning at about 0.10 lm. For traditional grain boundary strengthening, a breakdown in the strength-grain size relation at small grain sizes is often associated with grain boundary sliding. For subgrain boundary strengthening, the breakdown in the relation cannot be related to subgrain boundary sliding, since such boundaries only migrate and do not slide. However, as discussed by Lesuer et al. [15] , shear band instabilities in the subgrain boundaries may exist at ultra-fine sizes. Also shown in Fig. 1 are data for powders that were deliberately oxidized prior to ball milling (with contents of 0.2, 0.4, and 0.6 wt% oxygen). The data shown in Fig. 1 support the k -1 relation expected for subgrain boundary strengthening. However, there are also significant strengthening contributions from oxide particles. This strengthening source will be discussed more in a future section.
Grains
Work by Belyakov et al. [9] on grain boundary misorientation in ball-milled Fe has shown that high-angle grain boundaries dominate the structure for milling times of 100 h and greater. The influence of these high angle grain boundaries on strength are shown in Fig. 2 . Also shown in Fig. 2 are data on interstitial-free iron and steel as evaluated by Armstrong et al. [18] and Tsuji et al. [19] . The data from these two studies are plotted as the yield strength minus the matrix strength (r 0 ). The value of r 0 = 28 MPa is from Cracknell and Petch [20] . This interstitial-free iron data was obtained on cast material and thus avoided Fig. 1 Strength from subgrain boundaries versus subgrain size for ball-milled irons and several wrought iron materials. These wrought iron materials include three solid solutions of iron that were mechanically worked in torsion and a Fe-0.007C material that was wire drawn the oxides typically found in powder-processed metals. The data clearly follows L -1/2 behavior and thus follows the Hall-Petch relation.
The ball-milled data shown in Fig. 2 reveal three regions of dissimilar pattern. At ultra-fine grain sizes from 6 to about 60 nm, the strength is seen to decrease gradually with increase in grain size. These data reveal the high hardness obtained in powders before consolidation. In the intermediate grain size range, from 0.12 to about 1 lm, a steep dependence of strength with grain size is observed with a grain size exponent of about 0.7 rather than 0.5. These data are mostly from consolidated powders. The temperature of consolidation varied widely, from as low as 400°C [13] to as high as 780°C [14] . In the coarse grain size range, from about 1 to 20 lm, the data are scattered with slopes drawn for individual studies that are generally less than 0.5. These slopes are related to datum points given as A, B, C, D, and E. These samples are associated with annealing treatments at high temperatures. Each slope was drawn by joining the individual datum points to the same processed material containing a finer grain size. Data in Fig. 2 show that grain size strengthening begins to show deviation from Hall-Petch like behavior at grain sizes less than approximately 2 lm.
Particles
The large difference in strength between the ball-milled iron data and that for interstitial-free iron and steel, as shown in Fig. 2 , is likely the result of oxide particle hardening. In studies of Fe-C steels, the present authors have found that particles dominate the strength of the iron matrix with the conclusion that other variables contribute comparatively little to the yield strength [1, 21, 22] . These investigations led to a prediction of the strength contribution from particles by the relation:
where r p is the strength increment arising from particle strengthening and D s * is the surface to surface inter-particle spacing. The relation has been found to be equally valid for both oxide particle as well as carbide particle strengthening. The constant A was determined to be 395 MPa lm 1/2 [1] . The exponent for particle strengthening is the same as that for grain size strengthening and has been considered to have a dislocation pile-up origin [23] . Equation 4 describes the contribution of grain size and particles to the yield strength:
The correlation between particle strengthening and inter-particle spacing is shown in Fig. 3 for ball-milled iron-oxygen alloys. The experimental data show excellent agreement with Eq. 3. The particle strengthening effect appears to diminish below about 0.02 lm.
Transformation structures in Fe-C steels
Structure and strength of martensite Martensitic transformations in Fe-C steels are known to produce nano-scale structures and very high strengths. However, until recently, quantitative models of strength have been lacking and important experimental findings relative to structure and strength have not been explained. Key to establishing the basis for strength of martensite is understanding the role of solid solution additions. The high strength of martensite has often been attributed to solid solution hardening from interstitial carbon. In fact, martensite has been defined as a supersaturated solid solution of carbon in iron that is considered the basis of its high strength [24] . However, the work of Speich and coworkers [25, 26] refutes this concept. These investigators quenched a 0.03 wt% C steel from an elevated temperature in the ferrite region (725°C) to room temperature. The steel did not undergo transformation but contained the maximum amount of carbon in solution of 0.02 wt% C. The hardness of the quenched steel was measured as DPH = 110 representing a tensile strength of 340 MPa. This strength is a factor of 2.65 lower than martensite of comparable composition, indicating that solid solution strengthening contributes very little to the strength. Furthermore the quenched steel is thermally unstable. Low temperature aging, at 60°C, leads to interstitial carbon diffusion and formation of carbides increasing the strength to DPH = 200. The precipitation process is controlled by carbon diffusion in ferrite with the activation energy equal to 82 kJ per mole.
These results suggest that particles are a prominent structural feature in martensite and have an important role Fig. 3 Strength of ball-milled iron-oxygen alloys from particles, r p , as a function of inter-particle spacing, D s * in determining strength. Recently a new model has been developed for the transformation and resulting strength in quenched Fe-C steels [27, 28] . The model predicts the formation of clusters, which are nano-scale embryonic particles. The model accounts for the distinct change in structure and properties of martensite at 0.6 wt% C, designated the H* point. Below 0.6 wt% C, martensite forms by an FCC ? HCP ? BCC transformation sequence. The resulting structure, which is called primary martensite, has a lath morphology and consists of two entities: (1) carbonfree, univalent BCC-iron and (2) nano-sized, carbon-rich clusters with BCC-Fe. The clusters are predicted to have a size of 6.3 Å . Above 0.6 wt% C, both primary and secondary martensite are produced. Secondary martensite has the much studied BCT structure with a plate morphology.
Role of particles Figure 4 illustrates the influence of C on the hardness of quenched Fe-C steels. The data are taken from a number of investigators [29] [30] [31] [32] [33] [34] . Dramatic differences in the hardness-C relation are observed below and above the H* point. The hardness increases monotonically with increase in C content from near 0 to 0.6 wt% C. In this region, the increase in hardness is directly related to the increase in number of C-rich phase particles with increase in C content and to the accompanying fine subgrain size. This structure is primary martensite. Upper and lower bounds are shown in the figure as solid and dashed lines, respectively. The range in strength below the H* point at a given C concentration, which is influenced by different quenching conditions, has several possible origins. These are: (1) the size and spacing of the C-rich particles, (2) the composition of the particles, and (3) the grain/subgrain size contribution. The hardness-C relation above the H* point, shown in Fig. 4 , reveals an entirely different pattern. A wide range of hardness is observed. This variation is caused principally by the presence of two phases that are not very effective for strengthening, namely, the two solid solution phases, BCT phase and retained FCC austenite. The continuous pattern of the maximum hardness for all C contents, both above and below the H* point, can be attributed to particle and grain/subgrain strengthening [1, 15, 21] . Above the H* point, strengths approaching 4.2 GPa have been produced. At these high strengths, retained austenite and BCT martensite are no longer found in the structure.
The experimental data and analysis presented above is compelling evidence for the defining role of particles in the strength of Fe-C martensites. Further insight into the influence of particles on strength is possible by calculating the interparticle spacing responsible for the strength observed in lath martensite as presented in Fig. 4 . The interparticle spacing was calculated from the known volume fraction of particles and the particle size [1] . These data are shown in Fig. 5 where the strength, in MPa, is plotted as a function of the interparticle spacing, D s * in units of lm (bottom scale) and nm (upper scale). Also shown in the figure are data derived from studies involving SPD as well as transformations from rapid cooling. The points from Fig. 4 are at 0.6, 0.4, 0.2, 0.1, and 0.026 wt% C. The correlation allows a comparison of the interparticle spacing that is predicted for lath martensite. For the case of the 0.6 wt% C steel, the interparticle spacing, D s * , is 10 nm compared with the model-created sub-nm size particles. This supports the concept that the strength of martensite is principally controlled by the nano-size mechanistic model based on particles rather than on micron or nano-micron grain size.
Concluding remarks
The influence of nano-scale structure on the strength of Fe and Fe-C/O alloys has been studied for materials produced by both plastic deformation and phase transformation processes. These widely different processing approaches produced a consistent pattern of behavior in which strength was shown to result from subgrains, grains, and particles. The scale and resulting influence of these microstructural features is dependent on composition and processing history. Subgrain strengthening was found to vary as k -1 , where k is the subgrain size. Grain and particle strengthening were found to vary as L -1/2 and [D s * ] -1/2 , respectively, where L is the grain size and D s * is the interparticle spacing. The subgrain strengthening relation and the grain size strengthening relation broke down at 150 nm and 2 lm, respectively. The major contributors to strength are the nano-scale oxide and carbide particles. Analysis of data on quenched Fe-C steels also shows that solid solution additions provide very little strengthening. The origin of nanoscale clusters, which are the basis for the dominant influence of particle hardening, is explained by a new model for the transformation and structure of quenched Fe-C steels. Fig. 5 Strength of Fe-C steels as a function of the interparticle spacing for materials subjected to different processing histories. These histories included thermal mechanical processing, shear band development during highrate deformation and quenching. The strength of lath martensite as a function of the interparticle spacing is shown as the triangle points
